Introduction
The thermal structure and variability in the tropics are fundamental to many aspects of the climate system. Large-scale tropospheric temperatures in the tropics are characterized by a small annual cycle but large interannual changes linked to the El Nino Southern Oscillation (ENSO; . In contrast, tropical stratospheric temperatures exhibit a distinct annual cycle (focused in the lower stratosphere), along with large interannual variations linked to the Quasi-biennial Oscillation (QBO). The tropical stratosphere is also influenced by forcing from extratropical planetary waves (Randel, 1993; Ueyama and Wallace, 2010; Ueyama et al., 2013; Grise and Thompson, 2013) , together with ENSO (Randel et al., 2009 ). The tropical cold point tropopause is of special importance, as it is closely linked to variations in global stratospheric water vapor (Mote et al., 1996; Randel and Jensen, 2013; Fueglistaler et al, 2013) and tropical cirrus clouds Li and Thompson, 2013) .
However, fundamental behavior of the cold point tropical tropopause and its links to tropospheric and stratospheric circulation is not well understood from either a theoretical or observational basis; for example, interannual variability and trends in cold point temperatures show significant differences among different observational data sets (Wang et al., 2012) , and also between data and models (Kim et al., 2013 ). An additional complication is that the tropopause region and cold point are characterized by narrow vertical scale features, which are not well resolved in either nadir sounding satellite measurements (e.g. Microwave Sounding Unit) or meteorological analysis or reanalysis data (with typical vertical resolutions of 1 km or greater).
Our objective in the present study is to utilize a long record of high quality, high vertical resolution Global Positioning System (GPS) radio occultation temperature measurements to characterize thermal variability of the tropics, and coupling between the troposphere, tropopause region and stratosphere. We focus on variability of the zonal mean temperature, because: 1) the zonal mean is highly constrained by GPS measurements, and 2) zonal means can be analyzed and understood based on a relatively simple theoretical framework. The zonal mean thermodynamic equation (in transformed Eulerian-mean coordinates, Andrews et al., 1987) is:
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Here ̅ is zonally averaged temperature, ( ̅ *, ̅*) are components of the residual meridional circulation, S is a stability parameter, and ̅ is the zonal mean diabatic heating. The eddy terms in (1) are generally small (although not negligible near the tropical tropopause; Abalos et al., 2013) , and the ̅ * term is also small in the deep tropics, so that the approximate thermodynamic balance is:
In the troposphere ̅ is mainly linked to large-scale convective heating and radiative cooling, while in the stratosphere radiation is dominant (and ̅ is often approximated by a relaxation of the form ̅ = - ( ̅ ̅ ), with ̅ a background equilibrium temperature and  an inverse radiative damping time scale; e.g. Andrews et al, 1987; Hitchcock et al, 2010) . Hence zonal mean temperatures in the tropical tropopause region and above can be primarily understood in terms of (dynamically-forced) upwelling, ̅*, and the response to radiative effects. Note that the latter can include the radiative influence of temporally and spatially varying constituents, especially ozone (Fueglistaler et al., 2011) . The controlling influence of upwelling on tropical temperature is confirmed by analysis of meteorological data sets and model simulations (Abalos et al., 2012; 2013) .
This study will focus on the observed variability of zonal mean temperatures from GPS data spanning June 2001 -September 2013. While daily data are available for much of the record, we focus on the analysis of pentad (5-day average) data, because we are most interested in variability for periods of weeks to years (and there is relatively little observed variance of zonal means on shorter time scales). We isolate and remove the mean annual cycle, together with the well-known QBO and ENSO effects (via linear regression), in order to focus on understanding residual variability (which is relatively large, especially in the tropopause region).
Our analysis of zonal mean variability is a complement to studies of the local (latitude-longitude dependent) cold point tropopause structure and variability (e.g. Kim and Son, 2012; Munchak and Pan, 2014) , which is dominated by various tropical waves. We also complement the study of 5 Grise and Thompson (2013) , who focused on a shorter record of GPS temperatures and statistical links to tropical and extratropical forcings.
Data and Analysis a. GPS data
We analyze zonal mean temperatures derived from GPS measurements covering [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . GPS data have the attributes of high quality and high vertical resolution (<1 km) over ~10-30 km, with near-global sampling (e.g. Anthes et al., 2008) . We include and combine data from Part of our focus includes variability of the cold point tropopause, defined simply as the coldest point in the profile of the zonal average pentad data (the cold point typically lies ~ 0.5 km above the thermal tropopause in the tropics). The altitude of the cold point varies seasonally between ~16.5 -17.5 km (e.g. Seidel et al, 2001 ). We calculate anomalies of cold point temperature by subtracting the mean annual cycle, in a similar manner to temperature time series at specific altitude levels.
b) Circulation statistics from ERA interim reanalysis data
We also include analysis of circulation statistics derived from ERAinterim reanalysis data (Dee et al., 2011) to complement the GPS temperatures. These include zonal mean winds, eddy heat, momentum and Eliassen-Palm (EP) fluxes, and mean tropical upwelling derived from momentum balance ( ̅* m ) (Randel et al., 2002; Abalos et al, 2012) . We construct pentad averages of these data to directly match the time series of pentad GPS data.
c) Spectrum analysis
We include spectrum and cross-spectrum analysis of various time series to quantify frequency-dependent behavior. Spectra are calculated by direct Fourier transform of the 902-pentad time series, resolving periods of 4510 to 10 days (with a frequency resolution  = (24510 days)). Calculations are based on standard formulas in Jenkins and Watts (1968) .
Power spectra are smoothed using a Gaussian-shaped smoothing with half-width of 5*Coherence-squared (coh 2 ) and phase spectra are calculated using a wider bandwidth (20*to enhance statistical stability. This results in approximately 20 independent Fourier harmonics for each spectral estimate, and the resulting 95 and 99% significance levels for the coh 2 statistic are 0.15 and 0.22, respectively. The high-and low-frequency ends of the spectra are smoothed using one-sided Gaussian smoothing, so that significance levels are somewhat higher.
Observations from GPS a) Tropical seasonal cycle, QBO and ENSO
Time series of pentad zonal mean temperatures over 10 N-S for altitudes 12, 14, 16, …, 24 km are shown in Fig. 2 . A clear annual cycle is evident for altitudes ~16-22 km (largest near 18 km), while there are small seasonal variations in the upper troposphere (at and below 14 km).
We isolate and remove the seasonal variations at each altitude by harmonic analysis, including the first four annual harmonics. Time series of the deseasonalized temperature data (Fig. 3) show larger variability in the stratosphere (18 km and above) compared to the troposphere, primarily attributable to the QBO. The dominance of the QBO in the equatorial stratosphere is highlighted in Fig. 4 , showing the deseasonalized GPS temperature anomalies over 10-35 km during [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . The QBO is evident as downward propagating anomalies of up to +/-4 K, reaching close to the altitude of the cold point tropopause (seasonally varying over 16.5 -17.5 km).
In addition to the QBO, ENSO also exhibits a significant influence on zonal mean temperatures in the tropical UTLS (Randel et al., 2009) . In order to study variability distinct from the forced QBO and ENSO signals, we isolate and remove these variations using a standard multivariate regression analysis: pentad GPS temperature data. The spatial structure of the terms A1 and B resulting from the regression fits to global GPS data are shown in Fig. 5 . The QBO1 fit (Fig. 5a ) shows equatorially-centered QBO variations throughout the stratosphere, with out-of-phase variations in the subtropics and middle latitudes (which are well-known, e.g. Baldwin et al., 1996) . There is a similar result for the QBO2 component (not shown here), which is spatially orthogonal with the patterns in Fig. 5a . The ENSO fit for temperature (Fig. 5b) shows warming in the tropical upper troposphere and cooling in the lower stratosphere focused in the deep tropics (~20 o N-S); note there is relatively little ENSO influence near the cold point tropopause, as this is near the node in vertical structure. The zonal mean warming of the troposphere is a well-known feature of ENSO (e.g. Calvo Fernandez et al, 2004; Scherllin-Pirscher et al, 2012) , and the lower stratospheric cooling (echoed in closely correlated zonal mean ozone variations) is a signature of enhanced upwelling in this region during positive ENSO events (Randel et al., 2009; Calvo et al., 2010; Simpson et al, 2011) . residual dominates the deseasonalized variability near the tropopause, i.e. it is much larger than QBO or ENSO influences. This isolated temperature variance maximum near the tropopause is consistent with previous observations from radiosondes (Sato et al., 1994) or GPS data (Randel et al., 2005) , although most previous studies have focused on statistics from individual measurements which reflect local wave variability. In contrast, Fig. 7 shows that the enhanced variance near and above the tropopause is a fundamental characteristic of the zonally averaged temperature.
We further explore the residual variability based on Empirical Orthogonal Function (EOF) analysis of the residual time series (e.g. Fig. 6 ) over 10-30 km. This results in two dominant modes (termed EOF1 and EOF2), explaining 73% and 18% of the overall variance, respectively. These modes are statistically significant and well separated from higher EOF's (EOF3 has 4% variance). The exact vertical structures of EOF1 and EOF2 are somewhat dependent on the vertical domain of the calculations, but the characteristic behavior separating variability above ~20 km from the near-tropopause region (discussed below) is a robust result.
As a note, we have not weighted these altitude-dependent EOF calculations with square root of density, as this would de-emphasize the stratospheric variability.
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The vertical structure and corresponding expansion coefficient (or principal component (PC)) time series of the two modes are shown in Fig. 8 . EOF1 exhibits a vertical structure with
broad maximum values in the stratosphere (at and above 18 km) and small values below, and we term this the 'deep stratosphere mode'. The PC1 time series (Fig. 8b ) is characterized by large month-to-month variability, discussed further below. The EOF2 spatial structure shows a relatively narrow maximum peaking near 18 km, similar to the residual variance maximum in In general we find that many of the individual cooling spikes for PC1 in (Randel, 1993; Ueyama and Wallace, 2010; Ueyama et al, 2013; Grise and Thompson, 2013; Gómez-Escolar et al, 2014) .
The tropical tropopause mode (EOF2) shows distinct spatial and temporal structure. The patterns in Fig. 11b are similar to the ENSO spatial structure in Fig. 5b , and also to the zonal mean temperature response to Madden-Julian Oscillation (MJO) variations in the tropical troposphere (Virts and Wallace, 2014) . In both cases (ENSO and MJO), the lower stratosphere temperature anomalies are a response to variations in upwelling in the tropical lower stratosphere (Calvo et al., 2010; Virts and Wallace, 2014) .
Relationships between the tropical upper troposphere and lower stratosphere are quantified further in Fig. 12 , showing time series of tropical (10 o N-S) temperature residuals at 12 and 18 km, and also at the cold point tropopause. Figure 12 includes time series for the full deseasonalized temperature anomalies (Fig. 12a) , and also for residuals with QBO and ENSO effects removed via regression (Fig. 12b) ; comparisons show the relatively small but non-11 negligible influence of QBO near the tropopause. Variability in the cold point temperature is highly correlated with 18 km (r=0.74), but this correlation peaks sharply in altitude (Fig. 13) , so that the cold point is poorly correlated with altitudes above 20 km and below 16 km. Time series in Fig. 12 highlight the enhanced variability of temperatures near the tropopause and in the lower stratosphere compared to the upper troposphere, and frequent out-of-phase behavior. Temporal power spectra of the time series at 12 and 18 km are shown in Fig. 14a , and while enhanced variability at 18 km occurs across the entire spectrum, the enhancement is larger for low frequencies (seasonal to interannual time scales); we show below that this behavior is attributable to the long radiative relaxation time scales in the lower stratosphere. Calculation of the coherence squared between the time series at 12 and 18 km (Fig. 14b) shows that the strongest coherence occurs for a broad band with oscillation periods centered near 30-60 days, which is likely a signature of a physical mechanism linked to the MJO (Virts and Wallace, 2014) . This behavior is similar to that derived for the ENSO regression (Fig. 5b) , and in fact the low frequency statistical signature in Fig. 16a may reflect ENSO-like variations not removed in the linear regressions. The strongest lower stratosphere coh 2 in Fig. 16b occurs for a broad band of periods centered near 30-60 days (as in Fig. 14b) , and here the maximum coh 2 occurs at lower altitudes of ~16-20 km. We note that there is highly significant coh 2 near the altitude of the cold point (~17 km) for ~30-60 day periods in Fig. 16a (similar to the behavior in Fig. 15a ), but not for shorter or longer time scales; for annual to interannual variations the cold point occurs near the node in vertical structure, as observed for ENSO (Fig. 5b) .
A complementary calculation is shown in Fig. 16b , where coh 2 with respect to the cold point tropopause (i.e. the time series in Fig. 12b ) is plotted as a function of frequency and altitude. Figure 16b shows that the cold point is highly coherent with altitudes ~16-20 km over all frequencies (weekly to interannual time scales), while significant coherence with the upper troposphere occurs only for the band centered near ~30-60 days. Hence the out-of-phase behavior between the cold point tropopause and tropical upper troposphere seen in Fig. 13 is focused on MJO time scales, and there is no significant coherence between these regions at periods longer than ~100 days. This has important implications regarding control of the cold point on seasonal or interannual time scales, as discussed further below.
A remarkable event occurs in the PC2 time series and near-tropopause temperatures during 2010-2011 (labeled as C in Fig. 8b ), with persistent warm anomalies above 4 K at 18 km and over 2 K at the cold point (see Fig. 12b ). This exceptionally warm anomaly in cold point temperature is clearly reflected in stratospheric water vapor observations (Randel and Jensen, 2013) . The spatial patterns of temperature anomalies for this period is shown in Fig. 17 
c. Understanding enhanced temperature variance in the tropical lower stratosphere
Variability of zonal mean temperature in the tropical lower stratosphere is primarily forced by mean tropical upwelling (e.g. Abalos et al., 2012 Abalos et al., , 2013 . The relationship between temperature and upwelling can be quantified by the simplified TEM thermodynamic equation, incorporating a linear relaxation approximation to radiative damping (Eq. 2):
Assuming harmonic variations of the form [ ̅ , ̅*] = ∑[T  , w  ] exp (it), Eq. 3 reduces to a simple expression (Randel et al, 2002) :
This expresses the temperature sensitivity to upwelling as a simple function of frequency and the radiative damping time scale  -1 . It is well-known that radiative damping time scales are long ( small) in the lower stratosphere, and a simple hypothesis is that the enhanced zonal mean temperature variance near the tropical tropopause (Fig. 7) is directly linked to the long radiative time scales in this region.
We test this hypothesis using GPS temperature time series in combination with estimates of ̅* derived from ERAi data. This is similar to the analysis in Randel et al (2002) , but extended to interannual time scales, which more effectively constrain the low frequency behavior (see discussion below). We calculate ̅* estimated from the zonal mean momentum balance averaged into pentads, and these time series (for example, shown for 80 hPa in Fig. 18 ) exhibit an annual cycle in addition to large variability at sub-seasonal time scales (Abalos et al, 2014) .
We remove the seasonal cycle, QBO and ENSO variations to generate 'residual' ̅* m anomalies (the seasonal cycle is relatively large, while the QBO and ENSO fits are relatively small for ̅* m at 80 hPa).
Power spectra for ̅* m (80 hPa) and GPS temperature residuals at 18 km are shown in Fig. 19a . The power spectrum for ̅* m is much flatter in frequency than the red temperature power spectrum at frequencies higher than the annual cycle, while at low frequencies they are equally flat. This is precisely what Eq. 4 predicts: ( ⁄ ) ~  -1 (independent of ) when  >> , and ( ⁄ ) ~  -1 when  >>  Note that for  ~ (30 days) -1 ,  ~  for frequencies near (2/180 days) -1 (indicated with the vertical dashed lines in Fig. 19 ), so that both frequency extremes are spanned in these data. Coherence squared spectra between ̅* m and T (not shown) reveal significant coherence over most of the frequency range. More importantly, the relative magnitude of temperature and vertical velocity variations (R  = √ , as in Eq. 4) can be quantified by these data, giving an estimate of temperature response to vertical velocity at each frequency. Figure 19b shows that R  varies in frequency by approximately a factor of 10, increasing substantially for periods longer than 100-200 days (including the seasonal cycle and longer periods). In other words, temperature exhibits a much stronger response to ̅* at low frequencies, and this is the cause of the enhanced low frequency temperature variance in Fig. 19a (and larger low frequency temperature variance at 18 km compared to 12 km in Fig. 14) .
The estimates of R  derived from data can be compared to results predicted from the simple thermodynamic balance in Eq. 4, i.e. S/ √ , for various values of the radiative timescale  -1 (with S derived from the background temperature structure). Figure 19b includes this comparison, showing that the ratio derived from the ̅* m and T observations agree remarkably well with the frequency dependence of the theoretical ratio, using  -1 of 25-30 days.
In fact, the availability of a decade-long record of T and ̅* observations provides novel characterization of the damping time scale  -1 , as R  is only sensitive to  at periods greater than one year (Fig. 19b) . Similar calculations at other standard pressure levels (Fig. 20) shows a strong enhancement of  -1 in the lower stratosphere, echoing the vertical structure of the residual variance (and the seasonal cycle) in Fig. 7 . We note that these calculations apply explicitly to zonal mean variations, while in general the local radiative damping time scale in the tropical lower stratosphere is strongly dependent on the vertical scale of wavelike variations (e.g. Hartmann et al, 2001; Hitchcock et al, 2010) . We conclude that the observed zonal mean temperature variance maximum in the lower stratosphere is consistent with independently derived w* behavior, and that the relative maximum in residual temperature variance (and large annual cycle) near 18 km (Fig. 7) is directly related to the relatively long radiative time scales in this region.
Summary and Discussion
GPS temperature measurements provide a unique high vertical resolution data set to examine variability of tropical temperatures, with dense data coverage for more than a decade.
Our focus on zonal mean temperature is motivated by interpretations via highly simplified theory, and we aim to improve understanding of variability and physical links between the upper troposphere, tropopause region and stratosphere. The GPS data furthermore provide accurate resolution of the cold point tropopause, which exerts a controlling influence on stratospheric water vapor. Part of our objective is to understand variability of the cold point and its relation with tropospheric and stratospheric temperatures. interesting mirror-image patterns for these events (Fig. 9) , with equatorially-symmetric cooling above ~22 km, and low latitude cooling shifted towards the winter hemisphere at lower altitudes.
We do not know of a simple explanation for this behavior.
The near-tropopause mode is relatively narrow in altitude (centered over ~17-20 km), and exhibits weak out-of-phase behavior with temperatures in the upper troposphere. In a consistent manner, anomaly correlations with tropical upper tropospheric temperatures (Fig. 11b) the MJO is centered near the equator in the tropical upper troposphere (Fig. 15b) , while ENSO variations maximize in the subtropics and extend well into the lower stratosphere (Fig. 5d) . The eddy forcing associated with the zonal mean MJO occurs primarily from equatorial planetary waves in the upper troposphere, with resultant forced upwelling near the tropopause (e.g. Grise and Thompson, 2012; note similar behavior in the idealized calculations of Norton, 2006) . In contrast, model calculations (Calvo et al, 2010; Simpson et al, 2011) suggest that the ENSO subtropical zonal wind anomalies influence wave dissipation in the lower stratosphere (from extratropical large-scale waves and gravity waves), modulating upwelling at levels above the tropopause. These differences in zonal winds and wave forcing details may contribute to the distinct vertical structures of the MJO and ENSO temperature responses in the lower stratosphere.
Temperatures near the tropical tropopause are highly correlated with upwelling in the lower stratosphere, driven by transient subtropical wave forcing in addition to high latitude planetary waves (Abalos et al, 2014) . The derived frequency dependence of this relationship (Fig. 19b ) reveals that temperature response to upwelling is strongly enhanced (by an order of magnitude) for relatively low frequencies (periods longer than ~ one-half year). This behavior is remarkably well explained by the idealized thermodynamic balance in Eq. 4, incorporating a linear thermal damping with a relaxation time scale of ~30 days. These calculations provide a sensitive empirical measure of radiative damping time scales appropriate for zonal mean tropical temperatures, highlighting a relatively narrow maximum for long radiative time scales in the tropical lower stratosphere (physically linked to very cold temperatures in this region). In addition, the background static stability S is a maximum in this region (Grise et al, 2010) , Figure 20 . Vertical profile of radiative damping time scales derived from fitting observed and theoretical zonal mean temperature/upwelling ratios from ERAi ̅* m and GPS temperatures (as in Fig. 19 ). 43 Figure 20 . Vertical profile of radiative damping time scales derived from fitting observed and theoretical zonal mean temperature/upwelling ratios from ERAi ( ̅* m and GPS temperatures (as in Fig. 19 ).
